ABSTRACT Freeze-fracture electron microscopy reveals constant and widespread presence of membrane particles on the fracture faces of frozen myelin. In unfixed myelin frozen shortly after dissection the distribution of the particles is uniform. In glutaraldehyde-fixed and/or glycerol-impregnated myelin the particles frequently occupy a network interspersed with circumscribed particle-free ateas of variable dimension. In these membranes the network of particles is propagated radially across many lamellae. Particle-rich areas are closely apposed and contrast with frequent delamination of adjacent particle-free regions. We propose that, as in other plasma membranes, the particles of myelin represent protein-containing structures intercalated across the hydrophobic matrix of a membrane with bilayer organization. Our results indicate that these structures contain sites which mutually interact at the surface of apposed membranes and may be important in maintaining the organizational integrity of myelin. Freeze-fracture splits the lipid bilayer regions of the membrane and allows electron microscopic examination of hydrophobic membrane domains and the detection of sites (membrane-intercalated particles) where the bilayer is interrupted (1). The single exception to the presence of particles in plasma membranes was reported by Branton in a study of the fracture faces of frozen myelin (2). These were reported as being totally free of particles, and their featureless appearance made them virtually undistinguishable from the fracture faces observed in lamellar phase, unsaturated phospholipids (3). Interpretation of the x-ray diffraction patterns of myelin supported also the assumption of an uninterrupted bilayer (4) and, although admitting the possibility of small amounts of protein extending across it, explained asymmetries of the electron density profile as the result of an asymmetric lipid distribution (4). These electron microscopic and x-ray diffraction interpretations were consistent with the accepted function of myelin, because they provided a sheath of high electrical resistance which insulated the axon (5, 6). Anatomically, however, electron microscopic examination of myelin from central and/or peripheral nervous systems revealed structural complexities not expected from simple multilayer systems: (a) paranodal myelin/axon and myelin/ myelin specializations (7) 
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MATERIALS AND METHODS
Rat (Lewis; 12-15 weeks) sciatic and optic nerves were dissected from sodium-pentobarbital-anesthetized animals and fixed immediately in 2% glutaraldehyde (Fisher Scientific Co., Pittsburgh, Pa.) in phosphate-buffered saline at pH 7.3 for 1 hr at 37'. Frog (Rana pipiens) sciatic nerves were dissected from pithed animals and fixed as above. Garfish (Lepisosteus osseus) olfactory and IV nerves were dissected from decapitated fish and fixed in 2% glutaraldehyde in Ringer's solution (12) . After fixation the material was gradually impregnated by dropwise addition of 25% glycerol in phosphate-buffered saline or Ringer's solution over a period of 10 min, incubated for 30 min at 370 and cooled for 1 hr at room temperature. After fixation, the IV nerve was dissected away from the olfactory nerve. The myelinated nerves were then frozen in Freon 22 as described elsewhere (1) . In order to investigate whether the aggregated pattern of distribution of membrane particles observed in conventionally fixed material accurately described their distribution in vvo, material was also frozen after: (1) prefixation by perfusion [at 73 mm Hg (9.7 kPa), 2% glutaraldehyde; ref. 13] and glycerol impregnation; (2) no fixation, but after glycerol impregnation as described above; (3) no fixation and no glycerol impregnation, the material being frozen within 15 min of dissection.
The frozen samples were freeze-fractured at -120°in a Balzer's 501 device equipped with an electron gun for platinum-carbon evaporation. The replicas were recovered, cleaned and observed with a Hitachi HU-12 electron microscope at 75 kV. The micrographs are mounted with shadow direction from the bottom; shadows are white.
RESULTS
Observation of platinum-carbon replicas of the fracture faces of prefixed, glycerol impregnated myelin from rat and frog sciatic nerve, rat optic nerve, and garfish fourth nerve revealed the constant and widespread presence of particles and rugosities of various shapes ("sub-particles"; refs. 14 and 15) (Figs. 1 and 4-8) . Observation of the planar distribution of the membrane particles generally demonstrated different degrees of aggregation, the particles occupying an irregular network interspersed with circumscribed particle-free areas. The network of aggregated particles often covered more than half of the fracture face area. In the fracture faces of rat optic nerve myelin (Fig. 6-9 ) the particle-rich areas frequently showed a mosaic appearance, which we interpreted as the result of an alternation of the plane of fracture along two apposed membranes (Fig. 8) .
Fracture regions which allowed simultaneous examination of membrane fracture faces and the profiles of cross frac-ed n rrguarpaten f ntrmmban prtcl crrpodeceofpatile cul b senexenedacos a las spondece, athoug dispayinga radil bia (Fig. 1, , and 50 myein laellae (Fig.2) . I partile-fre ares, deamina 9) Ude fvoabe nle o sadwinerebrnecore tonwa reuetl oseve. nscatc erehee, p Because it seemed unlikely that intramembrane particle aggregation and particle-free delamination represented the situation in vivo, we studied glycerol-impregnated material, fixed by perfusion and unfixed. In both cases, intramembrane particle aggregation and intermembrane particle correspondence could be seen. However, myelin frozen immediately after dissection (i.e., unfixed, unimpregnated) always showed uniformly distributed particles on the fracture faces (Fig. 3) . In unfixed, glycerol-impregnated myelin, observation of close apposition of particle-rich areas and delamination of particle-free regions ruled out glutaraldehyde crosslinking as the cause for particle aggregation and intermembrane particle correspondence. The radial component, an intermembrane junctional element, observed in freeze-fracture preparations as parallel arrays of membrane particles (16) (2) . It is possible that in this earlier study membrane particles were not detected because the examination may have been confined to regions of high angle of shadow which appear free of particles (Fig. 5, right) .
Intramembrane particle aggregation and intermembrane particle correspondence could always be observed in glycerol-impregnated myelin ( (8) ]. Our experiments show that particle-rich regions represent areas of close membrane apposition which contrast with membrane separation in adjacent particle-free areas. Consequently, intermembrane particle correspondence which we observed in cross fractured myelin (Figs. 1, 2, 4, 6, and 9) implies that the correspondence represents an alternation of interactions: outer surface/outer surface across the extracellular space and inner surface/inner surface across the cytoplasmic space §.
Although the chemical nature of the structures represented by the membrane particles of myelin cannot be established in the present study, investigations of the chemical nature of the particles in other membranes have always revealed that they are protein-containing structures (21) (22) (23) (24) (25) .
Reconstitution experiments showed also that membrane particles could only be observed in systems which successfully recombined an integral membrane protein into a lamellar lipid phase (26) (27) (28) (29) (30) In some membranes, the particles have been shown to be involved in transmembrane phenomena (23, 25, 41, 42) . Should it also be the case in myelin, the membrane particles and/or the particles of the radial component would provide functional shortcuts across the myelin sheath.
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